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Abstract: A 3-year-old, male neutered Cavalier King Charles Spaniel (CKCS) presented with complex
focal seizures and prolonged lethargy. The aim of the study was to investigate the clinical signs,
metabolic changes and underlying genetic defect. Blood and urine organic acid analysis revealed
increased medium-chain fatty acids and together with the clinical findings suggested a diagnosis
of medium-chain acyl-CoA dehydrogenase (MCAD) deficiency. We sequenced the genome of the
affected dog and compared the data to 923 control genomes of different dog breeds. The ACADM
gene encoding MCAD was considered the top functional candidate gene. The genetic analysis
revealed a single homozygous private protein-changing variant in ACADM in the affected dog. This
variant, XM_038541645.1:c.444_445delinsGTTAATTCTCAATATTGTCTAAGAATTATG, introduces a
premature stop codon and is predicted to result in truncation of ~63% of the wild type MCAD open
reading frame, XP_038397573.1:p.(Thr150Ilefs*6). Targeted genotyping of the variant in 162 additional
CKCS revealed a variant allele frequency of 23.5% and twelve additional homozygous mutant dogs.
The acylcarnitine C8/C12 ratio was elevated ~43.3 fold in homozygous mutant dogs as compared to
homozygous wild type dogs. Based on available clinical and biochemical data together with current
knowledge in humans, we propose the ACADM frameshift variant as causative variant for the MCAD
deficiency with likely contribution to the neurological phenotype in the index case. Testing the CKCS
breeding population for the identified ACADM variant is recommended to prevent the unintentional
breeding of dogs with MCAD deficiency. Further prospective studies are warranted to assess the
clinical consequences of this enzyme defect.

Keywords: Canis lupus familiaris; dog; neurology; metabolism; fatty acid disorder; seizure;
precision medicine

1. Introduction

Medium-chain fatty acids (MCFAs) are monocarboxylic acids with a hydrocarbon
chain of six to twelve carbon atoms in length (C6–C12) [1]. They either are taken up in
the gastrointestinal tract, or are derived through β-oxidation of long-chain fatty acids,
catalyzed by the enzyme very long chain acyl CoA dehydrogenase [2,3]. Through further
β-oxidation, now mediated by medium-chain acyl-CoA dehydrogenase (MCAD), MCFAs
serve as energy source for the body [4].

In humans, mitochondrial fatty acid β-oxidation disorders are a heterogeneous group
of inherited diseases with a wide range of clinical presentation [1]. MCAD deficiency is
the most frequently diagnosed disease in this group [5], for which widespread screening
in European newborns has shown that approximately 1/8000–1/20,000 are affected by
MCAD deficiency [6–8].
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In MCAD deficient patients, unmetabolized MCFAs accumulate in different tissues [9,10].
As a result of the impaired β-oxidation, affected people are not able to produce sufficient
energy out of ketone bodies during times of extended fasting or acute stress [5]. They
present to the emergency room with an acute crisis of hypoketotic hypoglycemia. Clini-
cally, such a crisis manifests as ‘Reye-like symptoms’, which consist of vomiting, lethargy,
hepatomegaly and liver dysfunction that may eventually result in encephalopathy, seizures
and even coma and death [11].

MCAD deficiency is caused by variants in the ACADM gene (OMIM #201450) [12].
Many distinct disease-causing variants have been identified in different human popula-
tions [8,13]. A targeted mouse model for MCAD deficiency has been developed [14], but
otherwise the disease has rarely been observed in animals. In a single Cavalier King Charles
Spaniel (CKCS), MCAD deficiency was suspected based on the results of blood and urine
organic acid levels [15], but the causative genetic variant was not investigated in this dog.

This study was initiated after the presentation of a CKCS with a history of complex
focal seizures and laboratory findings strongly resembling human MCAD deficiency. The
goal of the study was to characterize the clinical and metabolic phenotype and to investigate
a possible underlying causative genetic defect.

2. Materials and Methods
2.1. Clinical Examination and Investigations

A single, 3-year-old, male neutered CKCS dog originating in the United Kingdom
was investigated. Both parents were reportedly healthy, the health status of siblings was
unknown. The dog was presented to the Small Animal Hospital of the University of
Glasgow for investigations of suspected focal seizures. Blood was taken for hematology
and serum biochemistry. Magnetic resonance imaging (MRI) of the brain was performed
with a 1.5 Tesla machine (1.5T Magnetom, Siemens, Erlangen, Germany and included
T2-weighted sagittal, dorsal and transverse views and the following transverse view: fluid
attenuated inversion recovery (FLAIR), Gradient echo (t2*), T1-weighted pre- and post-
contrast sequences (gadopentate dimeglumine; Magnevist, Bayer Schering Pharma AG,
Berlin, Germany). A cerebrospinal fluid sample was taken for total and differential cell
counts, and protein levels. Finally, urine was submitted for organic acid analysis and blood
for acylcarnitine levels to an external human laboratory. A control sample of a clinically
healthy dog was sent to compare the acylcarnitine levels, as there are no published reference
ranges for dogs.

2.2. DNA Extraction

Genomic DNA was isolated from EDTA blood with the Maxwell RSC Whole Blood
Kit using a Maxwell RSC instrument (Promega, Dübendorf, Switzerland). In addition to
the affected dog, 162 blood samples from CKCS, which had been donated to the Vetsuisse
Biobank, were used. Most of these additional samples were obtained during an MRI
screening program for syringomyelia in the Swiss and German CKCS population. Potential
MCAD deficiency had not been investigated in these dogs.

2.3. Whole-Genome Sequencing

An Illumina TruSeq PCR-free DNA library with ~413 bp insert size of the affected
dog was prepared. We collected 280 million 2 × 150 bp paired-end reads corresponding to
30.9 × coverage on a NovaSeq 6000 instrument (Illumina, San Diego, CA, USA). Mapping
to the UU_Cfam_GSD_1.0 reference genome assembly was performed as described [16].
The sequence data were deposited under the study accession PRJEB16012 and the sample
accession SAMEA10644719 at the European Nucleotide Archive. Genome sequence data of
923 control dogs of diverse breeds were also included in the analysis (Table S1).
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2.4. Variant Calling

Variant calling was performed using GATK HaplotypeCaller [17] in gVCF mode
as described [16]. To predict the functional effects of the called variants, SnpEff v 5.0e
software [18], together with UU_Cfam_GSD_1.0 reference genome assembly and NCBI
annotation release 106, was used.

2.5. Gene Analysis

Numbering within the canine ACADM gene corresponds to the NCBI RefSeq accession
numbers XM_038541645.1 (mRNA) and XP_038397573.1 (protein).

2.6. Allele Specific PCR and Sanger Sequencing

Primers 5′-GAG TAA AGG CCA GTT CTT TGG A-3′ (Primer F) and 5′-CCT GGT AAC
CCA GAA ACA TCA-3′ (Primer R) were used for the generation of an amplicon containing
the ACADM:c.444_445delinsGTTAATTCTCAATATTGTCTAAGAATTATG variant. PCR
products were amplified from genomic DNA using AmpliTaq Gold 360 Master Mix (Thermo
Fisher Scientific, Reinach, Switzerland). Product sizes were analyzed on a 5200 Fragment
Analyzer (Agilent, Basel, Switzerland). Direct Sanger sequencing of the PCR amplicons
on an ABI 3730 DNA Analyzer (Thermo Fisher Scientific, Reinach, Switzerland) was
performed after treatment with exonuclease I and alkaline phosphatase. Sanger sequences
were analyzed using the Sequencher 5.1 software (Gene Codes, Ann Arbor, MI, USA).

2.7. Acylcarnitine Screening

Five animals (3 females and 2 males) were included in each genotype group (homozy-
gous wildtype, heterozygous, homozygous mutant). The initially investigated clinical
case was included in the homozygous variant group. All animals were adult (between
2.7 and 9.9 years of age). Whole blood samples of the animals were stored at −20 ◦C
until analysis. Acylcarnitines were analyzed with modification of a previously published
protocol [19]. In short, 20 µL of hemolyzed whole blood, 20 µL acetonitrile (ACN), and
360 µL of water containing deuterated acylcarnitines internal standards were pipetted
into an Eppendorf tube. The tubes were vortexed, set 5 min into an ultrasound bath and
centrifuged at 12,000× g. Next, 20 µL of the clear supernatant was transferred into a HPLC
vial containing 180 µL of ACN. Then, 2 µL was injected into the liquid chromatography
mass spectrometer (HPLC-MS/MS, Waters Xevo TQ-S with Acquity I-Class 2D UPLC).
The HPLC was mounted with an ACQUITY UPLC BEH Amide column (2.1 × 100 mm,
1.8 µm, Waters), the eluents were A (water:ACN (1:1) 10 mM ammonium formate with
0.15% formic acid) and B (water:ACN (5:95) 10 mM ammonium formate with 0.15% formic
acid acetonitrile) at a flow rate of 0.4 mL/min. The gradient was: 100% B until 1.5 min,
74% B at 6 min, 22% B at 8 until 10 min then back to 100% B. Total run time was 15 min. The
acylcarnitines were analyzed with positive electrospray ionization using multiple reaction
monitoring (MRM) ion scan mode. Absolute quantification was achieved with a 6-point
calibration curve.

3. Results
3.1. Clinical History, Examination and Investigations

A male neutered CKCS, born out of reportedly healthy parents, was presented at the
age of 1.5 years, with an acute history of suspected complex focal seizures including pro-
longed lethargy, being less responsive and proprioceptive ataxia. These episodes initially
occurred several times a week, lasting from 20 min to multiple hours during which the dog
was mainly lethargic. General physical examination and neurological examination were nor-
mal. Complete blood count and serum biochemistry profile were within normal limits. MRI
imaging of the brain revealed breed-related changes including occipital malformation with
mild cerebellar herniation, medullary kinking and syringohydromyelia, consistent with
canine Chiari-like malformation and syringomyelia (CMSM). No other abnormalities of the
brain were detected. The results of the cerebrospinal fluid (CSF) analysis collected at the
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cerebellomedullary cistern showed mild albuminocytological dissociation (total nucleated
cell count: 0 cells/µL, RI < 5 cells/µL; protein concentration 40 mg/dL, RI < 25 mg/dL).
The dog was prescribed 40 mg/kg levetiracetam three times a day, however this resulted in
severe sedation. The levetiracetam dose was therefore lowered to 25 mg/kg three times
a day and 3 m/kg phenobarbital twice a day was started, which resulted in a partial re-
sponse as the seizures decreased in frequency and intensity. The patient remained stable for
3 months before the seizure interval increased again and particularly the lethargy remained
present up to 24 h. The dog would return to normal the following morning. An increase
in the phenobarbital dose was not accompanied by an improvement. Given the unusual
presentation, urine was analyzed for organic acids and revealed significant excretion of
hexanoylglycine and a peak of suberic acid, highly suggestive of a fatty acid β-oxidation
disorder. A follow-up test consisted of blood spot acylcarnitine analysis and revealed
an increase in C6, C8 and C10:1 acylcarnitines, as judged against human adult reference
intervals and a clinically normal dog (Table S2). Extrapolating from human patients, and in
comparison with the control dog, the acylcarnitine profile was consistent with a diagnosis
of medium-chain acyl-CoA dehydrogenase deficiency.

In addition to 25 mg/kg levetiracetam three times a day and 3.75 mg/kg phenobarbital
twice a day, the dog was prescribed a low-fat diet and a midnight snack consisting of
carbohydrates. Prolonged periods of fasting and formulas that contained medium-chain
triglycerides as primary source of fat were also advised to avoid. This management protocol
correlated with a complete resolution of clinical signs for the following 6 months. The
anticonvulsant medication was therefore reduced to subtherapeutic levels. However, this
was reversed as the dose reduction resulted in an increase in seizure frequency. The
blood spot acylcarnitines were repeated to test sufficient free carnitine levels and these
were found within normal limits (Table S2). At the time of writing, the dog has been
stable for 9 months on 25 mg/kg levetiracetam three times a day, 3 mg/kg phenobarbital
twice a day and a low-fat diet, with no further major seizures and a repeated normal
neurological examination.

3.2. Genetic Analysis

As clinical and laboratory findings resembled human patients and a previously pub-
lished CKCS with suspected MCAD deficiency [15], we hypothesized that the phenotype
in the affected dog was due to a variant in the ACADM gene. Hence, ACADM was inves-
tigated as the top functional candidate gene. We sequenced the genome of the affected
dog and searched for private homozygous variants that were not present in the genome
sequences of 923 control dogs of diverse breeds (Table 1 and Table S3).

Table 1. Results of variant filtering in the affected dog against 923 control genomes.

Filtering Step Homozygous Variants

All variants in the affected dog 3,063,158
Private variants 1562

Protein-changing private variants 10
Private protein changing variants in ACADM candidate gene 3

The automated analysis identified three closely spaced homozygous private protein-
changing variants in ACADM. Visual inspection of the short read alignments in the
region revealed that these three initially separately called variants actually represented
just one single insertion-deletion variant. This variant, XM_038541645.1:c.444_445delins
GTTAATTCTCAATATTGTCTAAGAATTATG, leads to a frameshift and is predicted
to truncate 267 codons or roughly 63% of the wild type MCAD open reading frame,
XP_038397573.1:p.(Thr150Ilefs*6). On the genomic level, the variant can be designated as
Chr6:71,401,388_71,401,389delinsCATAATTCTTAGACAATATTGAGAATTAAC (Figure 1).
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Figure 1. Details of the ACADM: c.444_445delinsGTTAATTCTCAATATTGTCTAAGAATTATG vari-
ant. (A) Fragment Analyzer bands of PCR products from samples of all three genotypes show the
expected 28 bp difference in length of the wild type and mutant products. (B) Sanger sequencing
electropherograms of the dog affected by MCAD deficiency (top) and a control dog (bottom) illustrate
the deletion of 2 bp with simultaneous insertion of 30 bp in exon 6 of the ACADM gene. Altered
nucleotide and amino acid sequences are indicated in red.

We genotyped the variant in a cohort of 162 CKCS that were not closely related to the
index case and sampled during an independent study (Table 2). This experiment revealed
52 heterozygous carriers and 12 homozygous mutant dogs. The genotype distribution did
not significantly deviate from Hardy–Weinberg equilibrium. The frequency of the putative
disease allele was 23.5% in the investigated CKCS population.

Table 2. Genotype distribution at the ACADM frameshift variant in 162 CKCS.

Genotype Frequency wt/wt wt/mut mut/mut

Number (Percentage) of dogs 98 (60.5%) 52 (32.1%) 12 (7.4%)

3.3. Acylcarnitine Measurements

To confirm the functional impact of the ACADM variant on fatty acid metabolism, acyl-
carnitines were measured in five dogs of each genotype (Table S2). Biomarkers of MCAD
deficiency, C8- and C10:1-carnitines were elevated in all homozygous dogs compared to
the five WT dogs. The specific C8/C10 and C8/C12 ratios used for diagnosing MCAD
deficiency in humans were elevated 1.3 and 2.9-fold in heterozygous dogs, respectively
and 11 and 65-fold in homozygous variant dogs, respectively as compared to wild type
dogs (PANOVA C8/C10= 5.1 × 10−5; PANOVA C8/C12= 1.4 × 10−5, Figure 2).
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4. Discussion

In this study, we identified a homozygous ACADM frameshift variant in a CKCS with
a history of complex focal seizures including lethargy and highly elevated MCFA metabo-
lites in blood and urine metabolic testing. The clinical phenotype of the affected CKCS
resembled human patients with MCAD deficiency and variants in the human ACADM
gene (OMIM #201450) [12]. The investigated dog also showed striking clinical and bio-
chemical similarities to a previously described CKCS with aciduria and elevated levels of
urine hexanoylglycine and plasma acylcarnitines [15]. The plasma acylcarnitine C8/C12
ratio in the previously investigated case was at 28, which is comparable to the ratios
found in the homozygous mutant dogs of our study (range 20–52, median 28). Typical
pathological C8/C10 and C8/C12 ratios in human newborns range between 1.6–18 and
4.4–449, respectively [20]. In humans, the acylcarnitine biomarkers and ratios remain ele-
vated even between decompensation episodes and under appropriate treatment (carnitine
supplementation; avoiding prolonged fasting and lipolysis) [21].

Somewhat unexpectedly, the mutant allele was quite common in a representative pop-
ulation of CKCS that were examined for the presence of syringomyelia in a Swiss/German
screening program. The CKCS breed is genetically predisposed for the occurrence of Chiari-
like malformation and syringomyelia, which may result in phantom scratching, pain, and
neurological deficits such as scoliosis, weakness and proprioceptive impairment [22]. An
association between Chiari-like malformation and epileptic seizures was hypothesized [23],
but could not be confirmed in an experimental investigation [24]. The identified ACADM
variant now provides a compelling new candidate variant, which might be responsible
for a part of the seizure phenotypes that are observed in the CKCS breed. Clinical signs
due to Chiari-like malformation and/or syringomyelia and MCAD deficiency are partially
overlapping and may be very difficult to disentangle in a clinical setting. The most ob-
jective way of differentiating epileptiform seizures would be by recording the electrical
activity of the brain using electroencephalography, but this is technically impractical for
several reasons in veterinary settings [25]. Further prospective studies are needed to better
differentiate between those diseases in CKCS and to evaluate the clinical impact of the
observed enzyme deficiency in some dogs of this breed.

MCAD deficiency in dogs seemingly does not clinically manifest as severe as in
humans. However, our data show a clear increase in MCFAs in ACADM homozygous
mutant dogs. This might point to an additional compensatory mechanism in the dog,
which prevents or dampens the manifestation of clinical consequences of elevated MCFAs.
In humans, phenotypic diversity ranging from sudden neonatal death to asymptomatic
status has previously been reported. Human patients with complete loss of MCAD activity
can also remain asymptomatic, suggesting that additional genetic or environmental factors
may play a role in the phenotypic diversity [26–28].

Additional genetic or environmental factors are also likely to modulate the phenotype
in MCAD deficient dogs. The improvement of clinical signs upon changing to a low-fat diet
in our index case indicates that the diet has a major influence on the clinical phenotype. At
this time, we cannot exclude the possibility that additional genetic factors also modified the
clinical phenotype. While our data conclusively demonstrate that the ACADM frameshift
variant causes MCAD deficiency and the biochemical alterations in the lipid metabolism,
it is not yet fully clear whether the MCAD deficiency alone is responsible for the clinical
phenotype or whether additional environmental and/or genetic risk factors are required
for the expression of clinical signs. The identification of the ACADM frameshift variant
enables genetic testing for MCAD deficiency and will facilitate future prospective studies
to clarify this important question.

In humans, newborn screening programs are now well established, but prior to this,
the majority of human MCAD deficiency cases presented at young age (before 2 years) [11].
No newborn screenings are performed in dogs, and it is currently unknown if MCAD
deficiency could have an impact in CKCS neonatal mortality. Previous studies have
reported a high percentage of perinatal mortality in CKCS as is the case for many purebred
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dogs [29,30]. We did not observe a significant deviation from Hardy–Weinberg equilibrium
in our cohort of 162 dogs. Hence, a possible influence of the ACADM variant on neonatal
mortality in the breed is presumably low. Nonetheless, further prospective studies might
be considered to investigate if MCAD deficiency plays a role in CKCS neonatal mortality.

5. Conclusions

We identified a dog with MCAD deficiency that clinically, biochemically and geneti-
cally resembled human patients with variants in the ACADM gene. The putative disease
allele was common in a representative CKCS cohort and might contribute to seizure pheno-
types that are observed in the breed. Our data enable genetic testing to establish a diagnosis
in dogs with suspected MCAD deficiency and to prevent the unintentional breeding of
further dogs with MCAD deficiency. Further prospective studies are needed to assess the
clinical consequences of MCAD deficiency in the CKCS breed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes13101847/s1. Table S1: Whole genome sequence accessions
of 924 dogs; Table S2: Results of the acylcarnitine measurements in the index case and a cohort of
15 CKCS; Table S3: Private homozygous variants in the genome of the sequenced affected dog.

Author Contributions: Conceptualization: D.M., R.G.Q. and T.L.; investigation: M.C., J.B. and D.M.;
data curation: V.J.; writing—original draft preparation: M.C., J.B., D.M. and R.G.Q.; writing—review
and editing: M.C., J.B., D.M., V.J., R.G.Q. and T.L.; visualization: M.C.; supervision: R.G.Q. and T.L.;
All authors have read and agreed to the published version of the manuscript.

Funding: This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.

Institutional Review Board Statement: All animal experiments were performed according to local
regulations. The dog in this study is privately owned and was examined with the consent of the
owner. The ethics committee of the School of Veterinary Medicine of the University of Glasgow
approved the use of clinical data for the present study (application reference EA23/22). The Cantonal
Committee for Animal Experiments approved the collection of blood samples from control dogs that
were used in this study (Canton of Bern; permit BE 71/19).

Informed Consent Statement: Written informed consent was obtained from the owners of the dogs
participating in this study.

Data Availability Statement: The accessions for the sequence data reported in this study are listed
in Table S1.

Acknowledgments: The authors are grateful to the dog owners who donated samples and par-
ticipated in the study. We would like to thank the Divisions of Clinical Neurology and Clinical
Radiology, Department of Clinical Veterinary Medicine, Vetsuisse Faculty, University of Bern for
recruitment of dogs, acquisition of clinical data and obtaining blood samples. We thank the Next
Generation Sequencing Platform of the University of Bern for performing the high-throughput se-
quencing experiments and the Interfaculty Bioinformatics Unit of the University of Bern for providing
high-performance computing infrastructure. We acknowledge the Dog10K genomes project and all
researchers who deposited dog or wolf whole genome sequencing data into public databases.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Vishwanath, V.A. Fatty Acid Beta-Oxidation Disorders: A Brief Review. Ann. Neurosci. 2016, 23, 51–55. [CrossRef] [PubMed]
2. van Beusekom, C.; Martini, I.A.; Rutgers, H.M.; Boersma, E.R.; Muskiet, F.A. A carbohydrate-rich diet not only leads to incorpora-

tion of medium-chain fatty acids (6:0-14:0) in milk triglycerides but also in each milk-phospholipid subclass. Am. J. Clin. Nutr.
1990, 52, 326–334. [CrossRef]

3. Leslie, N.D.; Saenz-Ayala, S. Very Long-Chain Acyl-Coenzyme a Dehydrogenase Deficiency; Adam, M.P., Everman, D.B., Mirzaa, G.M.,
Pagon, R.A., Wallace, S.E., Bean, L.J., Gripp, K.W., Amemiya, A., Eds.; University of Washington: Seattle, WA, USA, 2022.
Available online: https://www.ncbi.nlm.nih.gov/books/NBK6816/ (accessed on 21 September 2022).

https://www.mdpi.com/article/10.3390/genes13101847/s1
https://www.mdpi.com/article/10.3390/genes13101847/s1
http://doi.org/10.1159/000443556
http://www.ncbi.nlm.nih.gov/pubmed/27536022
http://doi.org/10.1093/ajcn/52.2.326
https://www.ncbi.nlm.nih.gov/books/NBK6816/


Genes 2022, 13, 1847 8 of 9

4. Schönfeld, P.; Wojtczak, L. Short- and medium-chain fatty acids in energy metabolism: The cellular perspective. J. Lipid Res.
2016, 57, 943–954. [CrossRef]

5. Andresen, B.S.; Dobrowolski, S.F.; O’Reilly, L.; Muenzer, J.; McCandless, S.E.; Frazier, D.M.; Udvari, S.; Bross, P.; Knudsen, I.;
Banas, R.; et al. Medium-chain acyl-CoA dehydrogenase (MCAD) mutations identified by MS/MS-based prospective screening
of newborns differ from those observed in patients with clinical symptoms: Identification and characterization of a new, prevalent
mutation that results in mild MCAD deficiency*. Am. J. Hum. Genet. 2001, 68, 1408–1418. [CrossRef] [PubMed]

6. Spiekerkoetter, U.; Duran, M. Mitochondrial fatty acid oxidation disorders. In Physician’s Guide to the Diagnosis, Treat-
ment, and Follow-up of Inherited Metabolic Diseases; Blau, N., Duran, M., Gibson, K.M., Dionisi-Vici, C., Eds.; Springer:
Berlin/Heidelberg, Germany, 2014; pp. 247–264. ISBN 978-3-642-40337-8.

7. Grosse, S.D.; Khoury, M.J.; Greene, C.L.; Crider, K.S.; Pollitt, R.J. The epidemiology of medium chain acyl-CoA dehydrogenase
deficiency: An update. Genet. Med. 2006, 8, 205–212. [CrossRef] [PubMed]

8. Rhead, W.J. Newborn screening for medium-chain acyl-CoA dehydrogenase deficiency: A global perspective. J. Inherit. Metab. Dis.
2006, 29, 370–377. [CrossRef]

9. Onkenhout, W.; Venizelos, V.; van der Poel, P.F.; van den Heuvel, M.P.; Poorthuis, B.J. Identification and quantification of
intermediates of unsaturated fatty acid metabolism in plasma of patients with fatty acid oxidation disorders. Clin. Chem.
1995, 41, 1467–1474. [CrossRef]

10. Scaini, G.; Simon, K.R.; Tonin, A.M.; Busanello, E.N.B.; Moura, A.P.; Ferreira, G.C.; Wajner, M.; Streck, E.L.; Schuck, P.F. Toxicity of
octanoate and decanoate in rat peripheral tissues: Evidence of bioenergetic dysfunction and oxidative damage induction in liver
and skeletal muscle. Mol. Cell. Biochem. 2012, 361, 329–335. [CrossRef]

11. Merritt, J.L.; Chang, I.J. Medium-Chain Acyl-Coenzyme a Dehydrogenase Deficiency; Adam, M.P., Everman, D.B., Mirzaa, G.M.,
Pagon, R.A., Wallace, S.E., Bean, L.J., Gripp, K.W., Amemiya, A., Eds.; University of Washington: Seattle, WA, USA, 2019.
Available online: https://www.ncbi.nlm.nih.gov/books/NBK1424/ (accessed on 21 September 2022).

12. Ikeda, Y.; Hale, D.E.; Keese, S.M.; Coates, P.M.; Tanaka, K. Biosynthesis of Variant Medium Chain Acyl-CoA Dehydrogenase in
Cultured Fibroblasts from Patients with Medium Chain Acyl-CoA Dehydrogenase Deficiency. Pediatr. Res. 1986, 20, 843–847.
[CrossRef]

13. Tajima, G.; Hara, K.; Tsumura, M.; Kagawa, R.; Okada, S.; Sakura, N.; Hata, I.; Shigematsu, Y.; Kobayashi, M. Screening of MCAD
deficiency in Japan: 16years’ experience of enzymatic and genetic evaluation. Mol. Genet. Metab. 2016, 119, 322–328. [CrossRef]

14. Tolwani, R.J.; Hamm, D.A.; Tian, L.; Sharer, J.D.; Vockley, J.; Rinaldo, P.; Matern, D.; Schoeb, T.R.; Wood, P.A. Medium-Chain
Acyl-CoA Dehydrogenase Deficiency in Gene-Targeted Mice. PLoS Genet. 2005, 1, e23. [CrossRef] [PubMed]

15. Platt, S.; McGrotty, Y.L.; Abramson, C.J.; Jakobs, C. Refractory Seizures Associated with an Organic Aciduria in a Dog. J. Am.
Anim. Hosp. Assoc. 2007, 43, 163–167. [CrossRef] [PubMed]

16. Jagannathan, V.; Drögemüller, C.; Leeb, T.; Aguirre, G.; André, C.; Bannasch, D.; Becker, D.; Davis, B.; Ekenstedt, K.; Faller, K.; et al.
A comprehensive biomedical variant catalogue based on whole genome sequences of 582 dogs and eight wolves. Anim. Genet.
2019, 50, 695–704. [CrossRef]

17. McKenna, A.; Hanna, M.; Banks, E.; Sivachenko, A.; Cibulskis, K.; Kernytsky, A.; Garimella, K.; Altshuler, D.; Gabriel, S.;
Daly, M.; et al. The Genome Analysis Toolkit: A MapReduce framework for analyzing next-generation DNA sequencing data.
Genome Res. 2010, 20, 1297–1303. [CrossRef] [PubMed]

18. Cingolani, P.; Platts, A.; Wang, L.L.; Coon, M.; Nguyen, T.; Wang, L.; Land, S.J.; Lu, X.; Ruden, D.M. A program for annotating
and predicting the effects of single nucleotide polymorphisms, SnpEff. Fly (Austin) 2012, 6, 80–92. [CrossRef] [PubMed]

19. Teav, T.; Gallart-Ayala, H.; van der Velpen, V.; Mehl, F.; Henry, H.; Ivanisevic, J. Merged Targeted Quantification and Untargeted
Profiling for Comprehensive Assessment of Acylcarnitine and Amino Acid Metabolism. Anal. Chem. 2019, 91, 11757–11769.
[CrossRef]

20. Gramer, G.; Haege, G.; Fang-Hoffmann, J.; Hoffmann, G.F.; Bartram, C.R.; Hinderhofer, K.; Burgard, P.; Lindner, M. Medium-
Chain Acyl-CoA Dehydrogenase Deficiency: Evaluation of Genotype-Phenotype Correlation in Patients Detected by Newborn
Screening. JIMD Rep. 2015, 23, 101–112.

21. Couce, M.L.; Sánchez-Pintos, P.; Diogo, L.; Leão-Teles, E.; Martins, E.; Santos, H.; Bueno, M.A.; Delgado-Pecellín, C.;
Castiñeiras, D.E.; Cocho, J.A.; et al. Newborn screening for medium-chain acyl-CoA dehydrogenase deficiency: Regional
experience and high incidence of carnitine deficiency. Orphanet J. Rare Dis. 2013, 8, 1–6. [CrossRef]

22. Knowler, S.P.; Galea, G.L.; Rusbridge, C. Morphogenesis of Canine Chiari Malformation and Secondary Syringomyelia: Disorders
of Cerebrospinal Fluid Circulation. Front. Vet. Sci. 2018, 5, 1–15. [CrossRef]

23. Rusbridge, C.; Greitz, D.; Iskandar, B.J. Syringomyelia: Current concepts in pathogenesis, diagnosis, and treatment. J. Vet.
Intern. Med. 2006, 20, 469–479. [CrossRef]

24. Driver, C.J.; Chandler, K.; Walmsley, G.; Shihab, N.; Volk, H.A. The association between Chiari-like malformation, ventricu-
lomegaly and seizures in cavalier King Charles spaniels. Vet. J. 2013, 195, 235–237. [CrossRef] [PubMed]

25. Parmentier, T.; Monteith, G.; Cortez, M.A.; Wielaender, F.; Fischer, A.; Jokinen, T.S.; Lohi, H.; Sanders, S.; Sammut, V.; Tai, T.; et al.
Effect of prior general anesthesia or sedation and antiseizure drugs on the diagnostic utility of wireless video electroencephalog-
raphy in dogs. J. Vet. Intern. Med. 2020, 34, 1967–1974. [CrossRef] [PubMed]

26. Wilcken, B.; Haas, M.; Joy, P.; Wiley, V.; Chaplin, M.; Black, C.; Fletcher, J.; McGill, J.; Boneh, A. Outcome of neonatal screening for
medium-chain acyl-CoA dehydrogenase deficiency in Australia: A cohort study. Lancet 2007, 369, 37–42. [CrossRef]

http://doi.org/10.1194/jlr.R067629
http://doi.org/10.1086/320602
http://www.ncbi.nlm.nih.gov/pubmed/11349232
http://doi.org/10.1097/01.gim.0000204472.25153.8d
http://www.ncbi.nlm.nih.gov/pubmed/16617240
http://doi.org/10.1007/s10545-006-0292-1
http://doi.org/10.1093/clinchem/41.10.1467
http://doi.org/10.1007/s11010-011-1119-4
https://www.ncbi.nlm.nih.gov/books/NBK1424/
http://doi.org/10.1203/00006450-198609000-00007
http://doi.org/10.1016/j.ymgme.2016.10.007
http://doi.org/10.1371/journal.pgen.0010023
http://www.ncbi.nlm.nih.gov/pubmed/16121256
http://doi.org/10.5326/0430163
http://www.ncbi.nlm.nih.gov/pubmed/17473023
http://doi.org/10.1111/age.12834
http://doi.org/10.1101/gr.107524.110
http://www.ncbi.nlm.nih.gov/pubmed/20644199
http://doi.org/10.4161/fly.19695
http://www.ncbi.nlm.nih.gov/pubmed/22728672
http://doi.org/10.1021/acs.analchem.9b02373
http://doi.org/10.1186/1750-1172-8-102
http://doi.org/10.3389/fvets.2018.00171
http://doi.org/10.1111/j.1939-1676.2006.tb02884.x
http://doi.org/10.1016/j.tvjl.2012.05.014
http://www.ncbi.nlm.nih.gov/pubmed/22749114
http://doi.org/10.1111/jvim.15856
http://www.ncbi.nlm.nih.gov/pubmed/33463773
http://doi.org/10.1016/S0140-6736(07)60029-4


Genes 2022, 13, 1847 9 of 9

27. Korman, S.H.; Gutman, A.; Brooks, R.; Sinnathamby, T.; Gregersen, N.; Andresen, B.S. Homozygosity for a severe novel medium-
chain acyl-CoA dehydrogenase (MCAD) mutation IVS3-1G > C that leads to introduction of a premature termination codon by
complete missplicing of the MCAD mRNA and is associated with phenotypic diversity ranging from sudden neonatal death to
asymptomatic status. Mol. Genet. Metab. 2004, 82, 121–129. [CrossRef] [PubMed]

28. Nohara, F.; Tajima, G.; Sasai, H.; Makita, Y. MCAD deficiency caused by compound heterozygous pathogenic variants in ACADM.
Hum. Genome Var. 2022, 9, 2. [CrossRef]

29. Mugnier, A.; Mila, H.; Guiraud, F.; Brévaux, J.; Lecarpentier, M.; Martinez, C.; Mariani, C.; Adib-Lesaux, A.; Chastant-Maillard, S.;
Saegerman, C.; et al. Birth weight as a risk factor for neonatal mortality: Breed-specific approach to identify at-risk puppies.
Prev. Vet. Med. 2019, 171, 104746. [CrossRef]

30. Tønnessen, R.; Borge, K.S.; Nødtvedt, A.; Indrebø, A. Canine perinatal mortality: A cohort study of 224 breeds. Theriogenology
2012, 77, 1788–1801. [CrossRef]

http://doi.org/10.1016/j.ymgme.2004.03.002
http://www.ncbi.nlm.nih.gov/pubmed/15171999
http://doi.org/10.1038/s41439-021-00177-3
http://doi.org/10.1016/j.prevetmed.2019.104746
http://doi.org/10.1016/j.theriogenology.2011.12.023

	Introduction 
	Materials and Methods 
	Clinical Examination and Investigations 
	DNA Extraction 
	Whole-Genome Sequencing 
	Variant Calling 
	Gene Analysis 
	Allele Specific PCR and Sanger Sequencing 
	Acylcarnitine Screening 

	Results 
	Clinical History, Examination and Investigations 
	Genetic Analysis 
	Acylcarnitine Measurements 

	Discussion 
	Conclusions 
	References

